Introduction
Vitamin D deficiency is found worldwide, even in lowlatitude countries, where it was generally assumed that UV radiation was adequate to prevent vitamin D deficiency in industrialized countries, where vitamin D fortification has been implemented now for years [1, 2] . Although vitamin D is a liposoluble vitamin obtained through exposure to sunlight and intake of foods and supplements [3] , there are several factors that limit the synthesis and bioavailability of vitamin D. Such factors include age, skin pigmentation, obesity, sunscreen use, clothing, season, geographic latitude, time of day of sun exposure, cloudiness and smog [4] . People with the greatest amount of melanin (dark skin) have a reduced ability to synthesize vitamin D from sun exposure [5] . In fact, several studies have reported high vitamin D deficiency prevalence in Hispanics [6] [7] [8] [9] . In addition, obese individuals usually have a low concentration of 25(OH)D in plasma [10] , and this level decreases with increasing obesity and percent body fat [11] . 36 Currently, there are no published studies that have assessed vitamin D status in overweight or obese Puerto Ricans. Therefore, the objective of this study was to determine the nutritional status of vitamin D in a group of overweight and obese Puerto Rican individuals living at latitude 18° and to understand the association of serum 25(OH)D levels with vitamin D intake, sun exposure and body composition. Serum 25(OH)D level is the most widely accepted biomarker to estimate short-term vitamin D status, since it reflects both the dermal vitamin D synthesis and vitamin D obtained from foods and supplements [3] and has a half-life in the circulation of 15 days [12] . However, serum 25(OH)D does not indicate the amount of vitamin D stored in body tissues; therefore, the long-term indicators of lifetime exposure to vitamin D in population-based studies include dietary and supplemental intakes of vitamin D and sunlight exposure [13] .
Methods
This study is a secondary analysis of a cross-sectional study on periodontal disease and type 2 diabetes [14] .
Subjects
A convenience sample of 100 overweight and obese adult residents of the municipality of San Juan, who responded to flyers posted on the Medical Sciences Campus of the University of Puerto Rico or to media advertisements, were recruited. Study participants provided written informed consent, and the study was approved by the institutional review board of the University of Puerto Rico.
Inclusion criteria were as follows: resident of the San Juan municipality, 40-65 years old, overweight [body mass index (BMI) 25.0-29.9] or obese (BMI 6 30.0) and free of self-reported diabetes diagnosed by a physician prior to the screening. This age group was chosen because their risk of developing type 2 diabetes and periodontal disease is higher than that in younger populations, which was important for the main study. The exclusion criteria were dental conditions that prevented adequate periodontal examination (fewer than 4 teeth or having braces) and the following medical conditions: hypoglycemia, heart conditions (i.e. coronary heart disease, congenital heart murmurs, valve problems, congenital heart disease or endocarditis) or stroke and rheumatic fever, dialysis, pacemaker, automatic defibrillator, artificial material in the heart or vessels, anticoagulant medication, hemophilia or bleeding disorders, hip bone or joint replacement, pregnant women and individuals not mentally capable of participating in the study or understanding the informed consent. The medical exclusions were made due to potential systemic complications from the main study procedures.
Data Collection
Participants who qualified were invited to come to the Medical Sciences Campus of the University of Puerto Rico in a fasting state. A fasting blood sample was taken for the determination of serum 25(OH)D and other biochemical parameters. Participants then underwent several anthropometric measurements, a dental exam and an interviewer-administered questionnaire that collected data on sociodemographic characteristics, lifestyle and general health. The data were collected between November and December; therefore, minimal seasonal variation was expected.
Serum 25(OH)D
The serum 25(OH)D levels (D2 and D3) were measured by liquid chromatography-tandem mass spectrometry in duplicate (interassay coefficient of variation 9-15%, intra-assay coefficient of variation ! 10%). Although there is debate about which level of serum 25(OH)D is associated with deficiency (rickets), suitability for bone health and in general for optimal health, a concentration of less than 20 ng/ml ( ! 50 nmol/l) is considered inadequate by the Institute of Medicine [3] . Some authors have suggested that the goal should be to maintain levels above 30 ng/ ml (75 nmol/l) to take full advantage of all the health benefits that vitamin D provides [15] , including optimal fracture reduction [16, 17] . Therefore, in the present study vitamin D status was divided as follows: (1) 
Anthropometric Measurements
Anthropometric measurements (weight, height, percent body fat and waist and hip circumference) were taken in duplicate following the National Health and Nutrition Examination Survey III Anthropometric Video Procedures, and the average of the two measurements was used. Weight was measured using an electronic digital scale and recorded in kilograms from the automated system on the body measurement exam space. Standing height was measured with a stadiometer and recorded to the nearest 0.1 cm. Percent of fat mass was measured using special bioelectrical impedance scales (Tanita Scale, TCA Inc.). Since these measurements could lead to complications among people with automatic implantable cardiodefibrillators, such patients were excluded from the study [18] . Waist circumference was measured at the umbilical level at minimal respiration and recorded to the nearest 0.1 cm. Hip circumference was measured at the maximum extension of the buttocks and recorded to the nearest 0.1 cm. BMI was calculated using the weight and height of the participants, using the standard formula (weight in kilograms/height in meters squared) and waist to hip ratio (WHR; waist circumference in centimeters/hip circumference in centimeters Sun Exposure Questionnaire A sun exposure questionnaire was designed to record the amount of sun exposure for each participant. Those questions included the frequency at which the participants were outside more than 15 min, the time of day they were outdoors, type of clothing worn when outdoors, frequency of sunscreen use and level of sun protection factor (SPF) used, anatomical sites protected with sunscreen and ability to tan and tendency to burn after sun exposure. These types of questions have been used in other studies [21, 22] . A sun exposure index was defined using the following variables: (1) frequency of outdoor activity for more than 15 min: daily = 7, 4-6 times a week = 5, 2-3 times a week = 2.5, once a week = 1, less than once a week/never = 0 [20, 23] ; (2) [22, 28] . The ability to tan and tendency to burn were also included: never burns or tans (deeply pigmented) = 0; never burns, tans deeply brown or black = 1; rarely burns and tans brown = 2; burns minimally and tans easily = 3; burns moderately, tans moderately and uniformly = 4; burns easily, tans minimally = 5; burns easily, never tans = 6 [29] . This skin classification system is based on the amount of skin melanin and responses to sun exposure and ranges from very fair (skin type I) to very dark (skin type VI) [29] . Type I is a highly sensitive skin that always burns and never tans; type II is a very sun-sensitive skin that burns easily and tans minimally; type III is a sun-sensitive skin that sometimes burns and slowly tans to light brown; type IV is a minimally sun sensitive skin that burns minimally and always tans to moderate brown; type V is a sun-insensitive skin that rarely burns and tans well (Hispanics), and type VI is a suninsensitive skin that never burns and is deeply pigmented (blacks). The total sun exposure index ranged from 0 [no sun exposure, high use of clothing and sunscreen when outdoors and never burns or tans (deeply pigmented)] to 38 (high sun exposure, no sunscreen and light clothing when outdoors and burns easily, never tans).
Physical Activity A short questionnaire on physical activity included the following items: participation in physical activity during the previous month (yes/no), participation in vigorous physical activity or structured exercise (yes/no) and time usually dedicated to that activity (hours per week).
Statistical Analysis
Normality assumptions for the sun exposure index, dietary intake of vitamin D and serum levels of 25(OH)D were assessed using the Shapiro-Wilk statistic. Serum 25(OH)D was normally distributed, but vitamin D intake and sun exposure indices were not; therefore, nonparametric tests were used. Medians and 25th and 75th percentiles were computed for all the continuous variables. The Mann-Whitney-Wilcoxon test was used to compare the distribution of sociodemographic characteristics, anthropometric measurements, vitamin D intake, sun exposure index, physical activity and serum 25(OH)D levels by gender. The 2 test was used to compare vitamin D status (normal, insufficient and deficient) between obese and overweight individuals and between gender, since there were gender differences in the general characteristics. The associations between serum 25(OH)D and total vitamin D intake, the sun exposure index, the sum of the sun exposure and vitamin D intake indices and body composition were assessed using partial Spearman's correlation coefficients adjusted by age. In addition, age-adjusted partial correlations were performed between sun exposure and body composition. A multivariable linear regression model was used to examine the relationship between serum 25(OH)D and the sum of sun exposure and vitamin D intake indices. Age (continuous), gender (categorical) and percent body fat (continuous) were adjusted in the model. All statistical analyses were performed using SAS statistical software (version 9.1, SAS Institute Inc., Cary, N.C., USA). Table 1 shows the general characteristics of the sample. From the 100 subjects recruited, 98 had complete data collection (66% were females and 34% were males). Female subjects had significantly more years of education (p = 0.002), higher percent body fat (p ! 0.0001), smaller waist circumference (p = 0.014) and smaller WHR (p ! 0.0001) compared to male subjects. Participation in any physical activity was low but similar among females and males. Less than 30% of the sample did vigorous work or participated in a structured physical activity weekly, with participation of less than 1 h per day on average (data not shown). Table 2 shows vitamin D intake, sun exposure index and serum 25(OH)D levels by gender. Vitamin D intake from foods and supplements and total vitamin D intake were similar between females and males. Median total vitamin D intake was 179.7 IU/day (44.7-615.2); 72% came from supplements, while only 28% came from foods. The foods contributing the most to vitamin D intake in this group were fish (31%), margarine (22%) and milk (20%; data not shown). In terms of sun exposure, the median sun exposure index was 22 (17.0-27.0). Female subjects had a significantly lower sun exposure index compared to male subjects (p ! 0.05). In general, about 56% of the subjects reported being outdoors more than 15 min every day with similar frequencies across the different times of the day; most subjects usually wore short sleeves (90%), long pants (75%) and closed shoes (77%) when outdoors; 47% reported the use of sun block, with most of them (26%) using it less than 3 times per week, mainly on the face (45%) and arms (30%); 43% reported minimally, rarely or never burning or tanning when exposed to sunlight (they could be considered individuals with medium to very dark skin), while 57% reported burning and tanning moderately and easily (they could be considered individuals with very fair to light skin) [29] (data not shown). Serum 25(OH)D levels were similar in female and male subjects ( table 2 ). In general, 55% of the subjects had vitamin D levels above 30 ng/ml; 31% had levels between 20 and 30 ng/ml, and 14% had levels below 20 ng/ml ( fig. 1 ) . Additionally, we stratified serum 25(OH) D levels by BMI classification and ability to tan and tendency to burn. Although the differences were not significant (Kruskal-Wallis test), the levels were lower among dark-skinned people, as expected, but the difference between overweight and obese individuals was contrary to expectations. In overweight subjects with light skin, median 25(OH)D was 34.2 ng/ml (25th-75th percentile 24-34 ng/ml); in overweight subjects with dark skin it was 31.1 ng/ml (25th-75th percentile 25-37 ng/ml); in obese subjects with light skin it was 39.0 ng/ml (25th-75th percentile 29-40 ng/ml), and in obese subjects with dark V alues are shown as medians (25th and 75th percentiles). * p < 0.01 compared to females (Mann-Whitney-Wilcoxon test). 1 Index calculated from sun exposure questionnaire, which included frequency, usual time and type of clothing used in outdoor activities >15 min, frequency and level of sunscreen use, and ability to tan and tendency to burn, with a possible range of 0-38. 2 To convert to nanomoles per liter multiply by 2.5.
Results
skin it was 30.9 ng/ml (25th-75th percentile 24-39 ng/ ml). In addition, the sun exposure index was inversely correlated with percent body fat (r = -0.22, p ! 0.05) and WHR (r = -0.23, p ! 0.05; data not shown). Although the ability to tan and tendency to burn were not related to serum 25(OH)D levels in the total sample, when stratified by high and low ability to tan and tendency to burn, those with a high ability/tendency had a significant correlation between 25(OH)D levels and the sum of sun exposure and vitamin D intake indices (r = 0.33, p ! 0.05) compared to those with a low ability/tendency (r = 0.23, p = 0.16; data not shown). Those individuals who consumed the recommended dietary allowance (RDA) of vitamin D of 6 600 IU/day (Institute of Medicine, 2010) had significantly greater 25(OH)D serum levels compared to those who did not meet this recommendation (p ! 0.01). Those who reported being outdoors for at least 15 min 2-7 times per week also had significantly greater 25(OH)D levels (p ! 0.05).
After multivariate adjustment for age, gender and percent body fat, the sum of sun exposure and vitamin D intake indices remained statistically associated with serum 25(OH)D levels, where a higher score for sun exposure and vitamin D intake was associated with higher serum levels ( ␤ = 1.5, p ! 0.01). When stratified by the ability to tan and tendency to burn, the multivariate analysis adjusting for age, gender and percent body fat showed that the sum of the sun exposure and vitamin D intake indices was statistically associated with serum 25(OH)D levels in those with a high ability/tendency ( ␤ = 2.06, p ! 0.05) but not in those with a low ability/tendency ( ␤ = 0.94, p = 0.33). 
Discussion
In the present study, 14% of our subjects had an inadequate vitamin D status, while 31% had levels between 20 and 30 ng/ml. Some authors consider these levels as not optimal for bone [16, 17] and general health [15, 30] . Serum 25(OH)D levels were significantly correlated with percent body fat, total vitamin D intake and the combined sun and vitamin D intake index. A higher score of sun exposure and vitamin D intake was significantly associated with higher serum 25(OH)D levels, even after adjustment for age, sex and percent body fat.
A study in 93 individuals from Hawaii [31] , with a latitude similar to Puerto Rico (latitude 21°), found similar 25(OH)D levels measured by HPLC (31.6 ng/ml in Hawaii; 30.7 ng/ml in the present study), and 51% of their subjects had levels below 30 ng/ml, similar to the rate in our study (45%). Several studies have reported a high prevalence of vitamin D deficiency in Hispanics [6] [7] [8] [9] . In a study conducted in South Florida, vitamin D deficiency was more prevalent in Hispanics [32] , although 25(OH)D levels were measured using a DiaSorin radioimmunoassay method. Recently, a study in a group of 358 Hispanic American men found the highest prevalence of vitamin D deficiency ( ! 20 ng/ml or ! 50 nmol/l) among Puerto Ricans (26%), compared to those from the Dominican Republic (21%), Central America (11%) and South America (9%) [33] . Furthermore, recent data from the National Health and Nutrition Examination Survey, which measured 25(OH)D levels by a competitive binding protein assay, found vitamin D insufficiency ( ! 30 ng/ml or ! 75 nmol/l) in 97% of non-Hispanic Blacks and 90% of Mexican Americans [34] . However, there are significant variations in 25(OH)D levels between the methods used [35] ; therefore, these comparisons should be viewed with caution.
Vitamin D status is influenced by several factors, including vitamin D intake, sun exposure, skin pigmentation and obesity. In the present study, median vitamin D intake was considerably lower than the RDA for vitamin D (600 IU/day) [3] . Only 69.4% of our subjects met this recommendation. Although vitamin D is high in certain fish, and several foods are fortified with vitamin D, such as milk, margarine and some brands of orange juice and cereals, these foods only contributed to a small amount of total vitamin D in this group. Most vitamin D was obtained from supplements. Furthermore, only those using vitamin D supplements met the RDA. Serum 25(OH)D levels were significantly correlated with total vitamin D intake in women but not in men. Those consuming 6 600 IU/day had significantly higher 25(OH)D levels compared to those consuming ! 600 IU/day, and only 8% compared to 37% had low vitamin D status. Other studies estimating vitamin D intake from FFQs have also found significant correlations between vitamin D intake and serum 25(OH)D levels in older US women (r = 0.52, p ! 0.01 during summer and r = 0.63, p ! 0.01 during winter) [20] , in the Framingham Heart Study cohort (r = 0.24, p ! 0.001) [36] and in young Finnish girls (r = 0.28, p ! 0.01) [37] , while others have not in older Spanish women [21] .
Limited sun exposure also affects 25(OH)D levels. Although clothing in Puerto Rico commonly leaves the arms and legs uncovered, the sun exposure index level found in the present study was in the middle of the possible range for this index (0-38) but it was not correlated with 25(OH)D levels in the total sample (r = 0.16, p = 0.11). Similar low correlations were found between overweight and obese individuals. However, being outdoors for at least 15 min 2-7 times per week led to significantly greater 25(OH)D levels (p ! 0.05) compared to being outdoors less frequently. Other authors, using a similar categorization of sun exposure, have found sun exposure levels to be significantly correlated with serum 25(OH)D levels in normal-weight older US women [20] , normal-weight older adults in the UK during the summer (r = 0.62, p ! 0.01), but not during winter (r = 0.23, p ! 0.01) [38] , normalweight Danish women (r = 0.24, p ! 0.001) [23] and older Spanish individuals (r = 0.377, p ! 0.05) [27] . Since most of these studies were performed in normal-weight individuals, further studies are needed to understand the mechanisms of vitamin D photosynthesis in overweight and obese individuals. In addition, most of the published studies have measured 25(OH)D levels by a competitive binding protein assay, which, as discussed above, differs significantly from liquid chromatography-tandem mass spectrometry, the method used in the present study.
The actual amount of sun exposure that is needed to maintain adequate levels of vitamin D is difficult to ascertain. It has been suggested that approximately 5-30 min of sun exposure between 10 a.m. and 3 p.m. at least twice a week on the face, arms or legs without sunscreen usually leads to sufficient vitamin D synthesis [39, 40] . However, these estimates are for individuals with light skin. People with the greatest amount of melanin (dark skin) have a reduced ability to produce vitamin D from exposure to sunlight [5] and therefore may need longer times in the sun. This may be the case for many of the individuals in our study, as 43% reported minimally, rarely or never burning or tanning when exposed to sunlight, which could be considered as having a skin phototype IV-VI, or medium to very dark skin. Individuals with dark skin (type IV and higher) have lower vitamin D photosynthesis compared to individuals with light skin (type I-III) with the same UVB exposure and latitude and may need 6 times more sun exposure to increase their 25(OH)D levels to the levels obtained by light-skinned individuals [41] . In the present study, we found that, although the ability to tan and tendency to burn were not related to 25(OH)D levels in the total sample, when stratified by the ability to tan and tendency to burn, those with a high ability/tendency had a significant correlation between 25(OH)D levels and the sum of sun exposure and vitamin D intake indices compared to those with a low ability/tendency. A study in 1,191 French adults found self-reported skin phototypes to be related to 25(OH)D levels during the winter [42] .
Fat accumulation also influences 25(OH)D levels. In our study, we found an inverse and significant correlation between percent body fat and serum 25(OH)D levels (r = -0.24, p = 0.02), similar to the results of a study in 410 healthy non-Hispanic Black and White women [43] . Others have found lower serum 25(OH)D levels in obese individuals [44] [45] [46] . The mechanism underlying the increased risk of vitamin D deficiency in obesity is uncertain. It has been postulated that obese individuals may avoid exposure to solar UV radiation [47] . This explanation was supported by our results; we found a significant inverse correlation between the sun exposure index and percent body fat and WHR. Alternatively, it has been proposed that the production of 1,25(OH) 2 D is enhanced in obese individuals and, thus, its higher concentrations exert negative feedback control on the hepatic synthesis of serum levels of 25(OH)D [48] . There is evidence that alteration of the vitamin D endocrine system in obese subjects is characterized by secondary hyperparathyroidism, which is associated with enhanced renal tubular reabsorption of calcium and increased circulating 1,25(OH) 2 D. It has also been suggested that the metabolic clearance of vitamin D may increase in obesity, possibly through enhanced uptake by adipose tissue [49] , thus decreasing the bioavailability of vitamin D3 from cutaneous and dietary sources because of its deposition in body fat compartments [10] . Recently, a study in 3,890 subjects found an inverse association between serum 25(OH)D levels and waist circumference (p ! 0.005), subcutaneous adipose tissue (p = 0.016) and visceral adipose tissue (p ! 0.0001) [44] . Animal studies also show that 25(OH)D may suppress uncoupling protein 2 expression, which could increase energy efficiency and may also increase glucocorticoid, which regulates adipose tissue [50] . These effects are mediated by the vitamin D receptor, whereby vitamin D may decrease peroxisome proliferator-activated receptor-␥ availability, which leads to other metabolic processes in the preadipocyte [51] .
Serum 25(OH)D levels are the most valid estimate for determining vitamin D status in humans, but this measurement, when used in population-based research, has some limitations [52] . One limitation is that the baseline measurement of serum 25(OH)D level may not accurately reflect a person's vitamin D status over the course of a year, since serum 25(OH)D levels vary by season, whereby concentrations are highest in the summer and fall and are lowest in the spring [53] . In addition, it is an expensive measurement, not often available for population studies or in the clinical setting. Therefore, vitamin D intake estimates using FFQs and sun exposure assessment could be used as indicators of vitamin D status throughout a person's lifetime in a population.
Several limitations need to be considered when interpreting our results. Sun exposure was self-reported by the subjects. Within our sun exposure questionnaire, we included the tendency to burn and ability to tan after sun exposure as an indirect measure of skin phototypes [29] . Although this measure was not related to 25(OH)D levels in the total sample, it was related in those with light skin. We did not have direct measures of skin color, which would be more accurate than self-reports (such as using a reflectance spectrophotometer and colorimeter). Also, it is important to distinguish between constitutive or unexposed skin and facultative or exposed skin. As constitutive pigmentation gets lighter and facultative pigmentation gets darker, 25(OH)D levels should increase [54, 55] . A study using a portable reflectance spectrophotometer found a high reliability for measuring skin phototypes, with less variation in constitutive than facultative skin color [56] . Another study using reflectance colorimetry showed a significant correlation between skin color and 25(OH)D levels, whereby facultative skin color appeared to be a stronger predictor of sun exposure and 25(OH)D levels [57] . Therefore, these should be included in future studies. Also, another potential limitation of the present study is the inherent measurement error due to misreporting of food intake and the low number of male subjects. In addition, the use of bioimpedance for measuring fat mass in obese individuals may be inaccurate, underestimating fat mass in some studies [58] , while overestimating fat mass in others [59, 60] , compared to gold standard methods. However, others have found good agreement between methods for obese population studies [61] . Furthermore, we had limited data on physical activity and sedentary lifestyles, and these may be indirect measures of sun exposure. Finally, the sample size was small, which may have affected our ability to detect associations between some of the study variables and 25(OH)D levels.
In conclusion, we found that although only 14% of our subjects had deficient 25(OH)D levels ( ! 20 ng/ml), 31% had vitamin D levels considered by some authors as not optimal (20-30 ng/ml). This suggests that even people living in high sun exposure areas all year round like Puerto Rico are not protected against poor vitamin D status. This study also showed that serum 25(OH)D levels were significantly and independently associated with vitamin D intake, but also with the sum of the vitamin D intake and sun exposure indices and percent body fat. Therefore, vitamin D intake, extent of sun exposure, skin pigmentation and obesity are important determinants of vitamin D status in this sample.
